A peptide segment that binds the active site of a serine protease in a substrate-like manner may behave like an inhibitor or a substrate. However, there is sparse information on which factors determine the behavior a particular peptide segment will exhibit. Here, we describe the first x-ray crystal structure of a nanobody in complex with a serine protease. The nanobody displays a new type of interaction between an antibody and a serine protease as it inserts its complementary determining region-H3 loop into the active site of the protease in a substrate-like manner. The unique binding mechanism causes the nanobody to behave as a strong inhibitor as well as a poor substrate. Intriguingly, its substrate behavior is incomplete, as 30 -40% of the nanobody remained intact and inhibitory after prolonged incubation with the protease. Biochemical analysis reveals that an intra-loop interaction network within the complementary determining region-H3 of the nanobody balances its inhibitor versus substrate behavior. Collectively, our results unveil molecular factors, which may be a general mechanism to determine the substrate versus inhibitor behavior of other protease inhibitors. . 2 The abbreviations used are: CDR, complementary determining region; uPA, urokinase-type plasminogen activator; BPTI, bovine pancreatic trypsin inhibitor; PDB, Protein Data Bank; SPR, surface plasmon resonance.
Serine proteases catalyze the hydrolysis of peptide bonds and are involved in numerous physiological processes, including digestion, blood clotting, fibrinolysis, complement activation, and turnover of the extracellular matrix (1) . Neutralizing serine protease activity using orthosteric inhibitors, i.e. active site binding inhibitors, has been shown to be a successful therapeu-tic strategy for a number of pathological conditions, although the similar active site topology in all serine proteases increases the risk of off-target effects. Today, serine protease inhibitors are clinically used for therapy of several diseases, including thrombosis and bleeding disorders (2) (3) (4) .
All serine proteases catalyze the same type of hydrolytic reaction utilizing the same biochemical mechanism. Serine protease-catalyzed hydrolysis of a scissile bond proceeds through a highly conserved mechanism involving two tetrahedral intermediates and an acyl-enzyme complex. The polypeptide substrate is aligned in the active site of the protease interacting with the substrate specificity pockets denoted S1-Sn and S1Ј-SnЈ on the acyl and leaving group side of the scissile bond, respectively (5) . The P1 residue of the substrate binds into the S1 pocket, and its carbonyl oxygen atom is inserted into the so-called oxyanion hole (backbone amides of Ser-195 and Ser-193, chymotrypsinogen numbering). The catalytic triad (His-57, in the protease generates the required nucleophile for the attack of the hydroxyl group of Ser-195 on the carbonyl group of the P1-P1Ј scissile bond to form the first tetrahedral intermediate and later the acyl-enzyme. Following release of the P1Ј-leaving group, a water molecule performs a second nucleophilic attack, thereby completing the cycle (6) .
Peptide segments that bind the active site of serine proteases in a substrate-like manner may behave like an inhibitor or substrate. However, there is little information on the molecular factors that determine the inhibitor or substrate behavior of such a peptide segment. Understanding such factors is of particular importance as a growing number of new protease inhibitors with a substrate-like binding mode are emerging. Such inhibitors can be derived from combinatorial phage-display libraries (7) , extracted from plants (8, 9) or designed by protein engineering based on naturally occurring standard mechanism inhibitors or other scaffolds (10 -17) .
Intriguingly, inhibitory antibody fragments that insert one or several complementary determining regions (CDR) 2 into the active site of serine proteases have recently been isolated. Structural studies demonstrated that the antibody fragments function as inhibitors instead of substrates as their CDR loops adopt non-substrate-like conformations at the protease active site (18 -21) . In this report, we describe a new type of serine protease inhibitor by developing a single-domain Camelid-derived antibody fragment, a so-called nanobody, which specifically targets the active site of the trypsin-like serine protease urokinase-type plasminogen activator (uPA) . Nanobodies are ideally shaped for interacting with concave clefts such as an active site of an enzyme. Accordingly, they were found to primarily target the substrate-binding cleft of lysozyme by insertion of a long protruding loop (22) (23) (24) .
Here, we report the first x-ray crystal structure of a nanobody in complex with a serine protease. The crystal structure demonstrates that the nanobody binds to the active site of uPA in a substrate-like manner by inserting its protruding CDR-H3 loop. Specificity of the nanobody toward uPA is achieved by its interaction with the surface-exposed 37s loop of uPA. Combining alanine scanning mutagenesis, activity assays, proteolysis experiments, and surface plasmon resonance, we demonstrate that the nanobody acts as a strong inhibitor and as a poor substrate as it becomes slowly cleaved at the P1-P1Ј peptide bond in the CDR-H3. Introducing mutations that weaken an intraloop interaction network in the CDR-H3 converted the nanobody from a poor to a good substrate, thus suggesting that the rigid conformation of the CDR-H3 ensures a slow rate of hydrolysis. Collectively, our results reveal determinants decisive for inhibitor versus substrate behavior of the nanobody and suggest a general molecular mechanism by which a peptide segment that binds in a substrate-like manner to the active site of a serine protease behaves as an inhibitor or a substrate.
Results
Inhibition of Human uPA by an Anti-uPA Nanobody-A nanobody library was generated by immunizing an Alpaca (Vicugna pacos) with zymogen single-chain uPA. Screening the library with the active two-chain uPA as bait, we identified a nanobody (Nb4) that potently inhibited the proteolytic activity of uPA toward the macromolecular substrate plasminogen as well as uPA's amidolytic activity toward the small peptidic chromogenic substrate pyro-Glu-Gly-Arg-p-nitroanilide (CS-61(44)) ( Fig. 1, a and b) . We next tested the specificity of Nb4 toward a panel of human trypsin-like serine proteases and uPA from other species. Our results revealed that Nb4 is highly specific toward uPA under the given conditions, as it inhibited Ͼ90% of the catalytic activity of uPA from human, dog, and rabbit, although it inhibited only 50% of the catalytic activity of mouse uPA. It did not inhibit other human trypsin-like serine proteases or rat uPA measurably ( Fig. 1c ).
Crystal Structure of Nb4 Reveals a Protruding CDR-H3 Loop-The x-ray crystal structure of Nb4 was determined to a resolution of 2.16 Å (R free ϭ 0.218 and R work ϭ 0.177) by molecular replacement with four molecules in the asymmetric unit (Table 1) . Only molecule B is described, as all residues of the CDR-H3 are visible in the electron density of this molecule (see "Experimental Procedures"). The crystal structure of Nb4 revealed a typical immunoglobulin domain with a scaffold con-FIGURE 1. Characterization of an anti-uPA inhibitory nanobody. a, Nb4 or a control nanobody at the indicated concentration was incubated with uPA (0.25 nM) before adding plasminogen (100 nM) and the chromogenic plasmin substrate S-2251 (0.5 mM). The IC 50 value was calculated by non-linear regression. b, Nb4 or a control nanobody at the indicated concentration was incubated with uPA (2 nM) before addition of the chromogenic substrate CS-61(44) (47 M). The inhibitory constant (K i ) was determined by non-linear regression. c, Nb4 (4 M) were incubated with uPA-related trypsin-like serine proteases or uPA from other species. Chromogenic substrates were added to measure the effect of Nb4 on the amidolytic activity of the proteases. Error bars show the standard deviation from three experiments. sisting of two ␤-sheets presenting three antigen-binding CDR loops ( Fig. 2a ). In addition to the highly conserved Cys-22-Cys-96 disulfide bond, the structure revealed that Nb4 contains an additional disulfide bond between Cys-50 in the beginning of the CDR-H2 and Cys-104 in the middle of the CDR-H3. The Cys-50 -Cys-104 disulfide bond stabilizes the 18-amino acidlong CDR-H3 loop by dividing it into two parts, an N-terminal part consisting of Asp-99 to Leu-103 and a C-terminal part consisting of Thr-105 to Val-116. The C-terminal part of the CDR-H3 forms a protruding loop in which the conformation of the loop is stabilized by multiple intra-loop interactions ( Fig. 2b) .
uPA-Nb4 Complex Crystal Structure Reveals That Nb4 Binds to uPA in a Substrate-like Manner-The x-ray crystal structure of the catalytic domain of human uPA in complex with Nb4 was determined to a resolution of 1.97 Å (R free ϭ 0.207 and R work ϭ 0.177) with two complexes in the asymmetric unit ( Table 1 ). The following describes the complex between molecule S (Nb4) and molecule B (uPA). The structure of the complex revealed that Nb4 inserts the CDR-H3 into the active site region of uPA utilizing the S4-S3Ј substrate-binding pockets (Fig. 3a) . The side chain of the P1 Arg-110 residue of Nb4 inserts into the S1 specificity pocket to interact with Asp-189, Ser-190, and Gly-219 at the bottom of the pocket (Fig. 3b ). The carbonyl group of Arg-110 occupies the oxyanion hole by contacting the backbone amides of Gly-193 and Ser-195, whereas the backbone amide of Arg-110 interacts with the side chain of Ser-195 and backbone carbonyl of Ser-214. This extensive network of interactions stably secures Arg-110 at the S1 pocket and oxyanion hole of uPA.
The CDR-H1 loop of Nb4 is also involved in binding to uPA by forming exosite interactions with the surface-exposed 37s loop of uPA ( Fig. 3c ). A list of polar contacts is given in Table 2 . 
Inhibitory Activity of Nb4 Depends on a Stable Conformation of the CDR-H3 Loop-
To validate the structure model, we generated a panel of uPA and Nb4 mutants by alanine substitution of residues at the CDR-H3 of Nb4 and at the 37s, 60s, 90s, 140s, and 180s loops of uPA. Next, we determined and compared the K i values of wild-type and mutant enzymes for Nb4 inhibition of uPA activity toward the chromogenic substrate CS-61 (44) . Overall, the analysis validated the importance of interactions observed in the complex crystal structure, as alanine substitutions of interface residues in both uPA and Nb4 with alanine resulted in increased K i values ( Table 3 ). Alanine substitution of the P1 Arg-110 in Nb4 completely abolished the inhibitory activity. Moreover, we observed a Ͼ4000-fold increase in K i when the P1Ј Arg-111 is mutated to alanine. Although Arg-111 does not interact with uPA extensively, our crystal structure suggests that it may exert its effect on the inhibitory activity of Nb4 by stabilizing the conformation of the CDR-H3 loop through a salt bridge with Asp-99 and cationinteraction with Tyr-113 ( Fig. 4a ). Similar to Arg-111, Asp-99 does not form any close interaction with uPA, yet substitution of Asp-99 to ala-nine resulted in a Ͼ4000-fold increase in K i , further stressing the importance of the Arg-111-Asp-99 ionic pair for the inhibitory activity of Nb4.
Effect of P1 and P1Ј Substitution on the Ability of Nb4 to Displace p-Aminobenzamidine from the S1 Pocket in uPA-To further verify the structural and mutagenesis information suggesting that Arg-110 and Arg-111 play critical roles in the inhibitory activity of Nb4, we performed fluorescence spectroscopy to measure the binding of the reversible ligand p-aminobenzamidine to the S1 pocket of uPA in the presence or absence of wild-type Nb4, Nb4 R110A, and Nb4 R111A alanine mutants. Binding of p-aminobenzamidine to the S1 pocket of uPA resulted in a high intensity fluorescent signal with emis-FIGURE 3. Crystal structure of the uPA-Nb4 complex. a, interaction of Nb4 (orange) with uPA (green) is primarily mediated by the CDR-H3, which interacts in a substrate-like manner with the substrate-binding pockets in the active site region of uPA (S4-S3Ј). The Nb4-uPA interaction surface is colored light blue. b, enlarged view of the P1-S1 interactions. The P1 Arg-110 of Nb4 (orange) inserts into the S1 pocket of uPA (green) to form interactions with Asp-189 at the bottom of the pocket. The carbonyl oxygen atom of Arg-110 is aligned in a substrate-like manner in the oxyanion hole, and the distance from the oxygen atom of the catalytic Ser-195 in uPA to the P1 carbonyl group in Nb4 is 2.8 Å (indicated in red). c, exosite interactions between the CDR-H1 of Nb4 (orange) and the 37s loop of uPA (green). Polar interactions are indicated as black dashed lines. 2
61 Ϯ 4.0 33 sion max at 362 nm when excited at 335 nm, whereas the low intensity signal of p-aminobenzamidine in solution has max at 375 nm ( Fig. 4b ). Addition of Nb4 displaced p-aminobenzamidine from the S1 pocket as the intensity of the signal decreased and a red shift occurred in a similar manner for free p-aminobenzamidine in solution. Mutation of Arg-110 and Arg-111 in Nb4 to alanine completely abolished the ability of the nanobody to displace p-aminobenzamidine. The inability of the P1 Nb4 R110A mutant to displace p-aminobenzamidine is in complete agreement with the crystal structure. In contrast, the P1Ј Nb4 R111A mutant also failed to displace p-aminobenzamidine, verifying that Arg-111 is essential for the inhibitory activity of Nb4, thus supporting the result from the activity based assays.
Inhibitor Versus Substrate Behavior of Nb4 Is Balanced by the Intra-loop Interactions Network within the CDR-H3-Given the substrate-like binding mode of Nb4, we next investigated the possibility that Nb4 acts as a uPA substrate. uPA was incubated with 3.5-fold molar excess of Nb4 for up to 96 h at 37°C, and the mixture was then resolved by SDS-PAGE. The results revealed that Nb4 was slowly hydrolyzed by uPA at the putative scissile bond between Arg-110 and Arg-111 ( Fig. 5 ). Unexpectedly, a fraction of Nb4 remained intact and inhibitory toward uPA after 6 h of incubation, indicating that the reaction may have reached a cleavage-resynthesis equilibrium (Fig. 5, a and  b) . To better understand what molecular factors help to balance Nb4 between its inhibitor versus substrate behavior, we next analyzed the hydrolysis of three Nb4 alanine mutants, namely Nb4 D99A, Nb4 R111A, and Nb4 Y113A, by uPA. As mentioned previously, these mutations aberrated the inhibitory activity of Nb4 and were strategically chosen as they form an intra-loop interaction network in the CDR-H3 of Nb4, which interconnects the P-and PЈ-sides of the putative scissile bond ( Fig. 4a ). Our results revealed that the removal of the salt bridge between Asp-99 and Arg-111 by mutating either residue enhanced the substrate behavior of Nb4, as these mutants were completely hydrolyzed by uPA within 2 min (Fig. 5, c and d) .
Mutation of Tyr-113, which forms hydrogen bonds to the P2 Gly-109 and Ser-106, and mediates cationinteractions with Arg-111, also enhanced the substrate behavior of Nb4 although not as efficiently as the Nb4 D99A and Nb4 R111A mutants ( Fig. 5e ).
Binding Kinetics of Nb4 Is Regulated by the Intra-loop Interaction Network within the CDR-H3-The balance between inhibitor versus substrate behavior of Nb4 was further analyzed using surface plasmon resonance (SPR) to determine the association rate constant (k on ), the dissociation rate constant (k off ), and the equilibrium dissociation constant (K D ) of Nb4, Nb4 D99A, Nb4 R111A, and Nb4 Y113A toward the active twochain uPA and the catalytically inactive two-chain uPA S195A mutant ( Table 4 and Fig. 6 ). The analysis showed that Nb4 formed a high affinity and tight complex with the two-chain uPA (K D ϭ 54 pM). Such high affinity is mainly due to a very slow dissociation rate. On the contrary, Nb4 D99A and Nb4 R111A mutants failed to produce binding curves for the determination of the kinetic parameters toward the active two-chain uPA. This is in agreement with the results from the proteolysis experiment in which the mutant proteins behaved like substrates and were hydrolyzed by uPA and could therefore not bind the active protease. The SPR analysis further revealed that Nb4 bound to the catalytically inactive two-chain uPA S195A with an apparent 10-fold higher affinity than to the wild-type two-chain uPA. The higher affinity was mainly due to a 6-fold decrease in the dissociation rate. Because the uPA S195A mutant is inactive, Nb4 D99A, Nb4 R111A, and Nb4 Y113A mutants were able to bind the mutant protease, although with a 400 -20,000-fold lower affinity than the wild-type Nb4 (Table 4 and Fig. 6 ).
Discussion
Here, the availability of a Camelid-derived antibody fragment, which binds in a substrate-like manner to the active site of the trypsin-like serine protease uPA, allowed us to ask the following question. Which factors determine whether a serine protease inhibitor with a substrate-like binding mode is an inhibitor or a substrate?
As evaluated by our x-ray crystal structure analysis, Nb4 binds to the active site of uPA and occludes the S4-S3Ј substrate-binding pockets. Although we did not observe significant conformational changes in uPA upon binding to Nb4, there are small conformational changes in the CDR-H3-binding loop of Nb4 ( Fig. 7) . To contrast the differences in conformational changes, we calculated the main-chain torsion angles (,) of the P3-P3Ј peptide segment in both free and uPA-bound Nb4 ( Table 5 ). The comparison demonstrated that the conformational change mainly occurs at the P3-P1 segment, whereas the P1Ј-P3Ј segment remains largely the same upon complex formation with uPA ( Table 5 and Fig. 7 ). However, once bound, Nb4 remains tightly associated with uPA, as determined by a slow dissociation rate (k off ). It allows Nb4 to competitively inhibit the interaction of uPA with its physiological substrate plasminogen, as well as hydrolysis of small chromogenic substrates in our studies.
Although the binding mode of Nb4 is similar to that observed in the Michaelis complex between uPA and PAI-1 and similar to the substrate-like binding mode of the classical standard mechanism inhibitor bovine pancreatic trypsin inhibitor (BPTI), it is different from previously reported active site binding anti-serine protease antibody fragments (Fig. 8) . For instance, a series of antibody fragments against matriptase all insert their CDR-H3 loop in a non-substrate-like reversed C-to N-terminal orientation, which places the putative P1-P1Ј scissile bond out of reach for a nucleophilic attack by Ser-195 (18, 19) . Moreover, the P1 Arg residue forms a suboptimal interaction in which a water molecule is required to mediate the interaction between the P1 Arg residue and Asp-189 at the bottom of the S1 pocket. In contrast, the anti-plasma kallikrein antibody DX-2930 binds in the normal N-to C-terminal orientation, but a non-substrate-like conformation of the loop prevents it from binding the S1Ј-S3Ј pockets and thereby hydrolysis of the putative scissile bond (21) . The anti-HGFA Fab58 also binds to the active site region of the protease, occluding the S2 and S3 but not the S1 pocket (20) . In contrast to the previously described anti-protease antibody fragments, Nb4 places the CDR-H3 loop into the active Serine Protease Inhibition by a Nanobody JULY 15, 2016 • VOLUME 291 • NUMBER 29 site of uPA in a substrate-like manner aligning the P1-P1Ј putative scissile bond within 2.8 Å of the hydroxyl group of Ser-195, which is optimal for a nucleophilic attack. The previously reported anti-protease antibody fragments achieve exquisite selectivity toward their target protease by forming exosite interactions with a surface-exposed loop of the protease. For Nb4, it was evident from the crystal structure that its CDR-H1 loop interacts with the 37s loop of uPA, which is a non-conserved region that varies in sequence and length among trypsin-like serine proteases. Thus, specific interactions between Nb4 and this region, particularly at residues 35, 37, and 37d, may contribute to the specificity of Nb4 for uPA. Further supporting this notion, Nb4 efficiently inhibits the activity of uPA from dog and rabbit, as the Nb4-interacting residues Arg-35, His-37, and Ser-37d are completely conserved between uPA from human and from these species (Fig. 9 ). Interestingly, although Nb4 also inhibits the activity of murine uPA, although less efficiently, it has no effect on rat uPA. Comparison of the sequence shows that the 37s loop of murine uPA contains Gln-35, Asn-37, and Ser-37d at the Nb4-interacting positions, whereas rat uPA contains a hydrophobic leucine residue at position 35. Taken together, these observations suggest that the conservation of polar amino acids at all three positions is a prerequisite for the protease to be recognized by Nb4.
The substrate-like binding mode of Nb4 suggested that it may act as a poor uPA substrate with a presumably low k cat . In fact, we found that Nb4 was hydrolyzed by uPA. The hydrolysis was extremely slow, explaining the inhibitory activity of Nb4. Given the substrate-like binding mode of Nb4 to uPA, we expected a continuous accumulation of cleaved Nb4. Intriguingly, this was not observed, as the ratio between cleaved and intact Nb4 stayed largely constant over time, and ϳ30 -40% of Nb4 remained intact and inhibitory. This observation proposes that Nb4 prevents complete hydrolysis by uPA through a mechanism involving a cleavage resynthesis equilibrium between FIGURE 8 . CDR-H3 of Nb4 adopts a substrate-like binding mode. a, crystal structure of uPA in complex with PAI-1 (PDB code 3PB1) was superimposed to uPA-Nb4. Shown is the reactive loop of the serpin PAI-1 (yellow) and the CDR-H3 of Nb4 (orange). b, crystal structure of trypsin in complex with the standard mechanism inhibitor BPTI (PDB code 4Y0Y) was superimposed to uPA-Nb4. Shown is the reactive loop of BPTI (white) and the CDR-H3 of Nb4 (orange). c, comparison between the CDR-H3's of the anti-matriptase antibody E2 (magenta) (PDB code 3BN9) and Nb4 (orange). The crystal structure of E2 in complex with matriptase was superimposed to uPA-Nb4. In all panels the catalytic Ser-195 colored red, and the residues in uPA (green) that interact with Nb4 are highlighted in light blue. The N and C termini of the peptide segments are indicated in yellow for Nb4, PAI-1, and BPTI and in green for E2. 
TABLE 5 Comparison of the main-chain torsion angles of the P3-P3 peptide segment of Nb4 with BPTI, CI2, Eglin c and PAI-1
The numbers in parentheses indicate the values of the main-chain torsion angles of the free inhibitor. The values for BPTI, CI2, Eglin c, and PAI-1 were obtained from the atomic coordinate files in the Protein Data Bank using the following PDB codes: BPTI/trypsin (PDB code 4Y0Y); BPTI free (PDB code 5PTI); CI2/subtilisin (PDB code 1LW6); CI2 free (PDB code 2CI2); Eglin c/subtilisin (PDB code 1CSE); and PAI-1/uPA (PDB code 3PB1). cleaved and intact inhibitor. The cleavage resynthesis equilibrium is reached after 3-6 h, which is in good agreement with an estimated half-life of the uPA-Nb4 complex at 3.6 h as determined by the dissociation rate from the SPR analysis (Table 4) .
P3
To address these puzzling observations, we hypothesized that the intra-loop interaction network involving Asp-99, Arg-111, and Tyr-113 is responsible for the cleavage resynthesis equilibrium between cleaved and intact inhibitors by balancing the inhibitor versus substrate behavior of Nb4. A similar intraloop interaction network was not observed in the apo-Nb4 structure (Fig. 2b) . In fact, electron density for Arg-111 in the apo-Nb4 structure was weak suggesting that Arg-111 is not involved in the CDR-H3 intra-loop interaction network (Fig.  2b) . Thus, we believe that the intra-loop interaction network involving Asp-99, Arg-111, and Tyr-113 is first formed upon complex formation with uPA to ensure a rigid conformation that leads to a slow dissociation rate of the uPA-Nb4 complex. In agreement with our hypothesis, disruption of the intra-loop interaction network by mutations converted Nb4 from an inhibitor to a substrate. However, different mutations to Nb4 affected the binding kinetics differently, thus allowing us to identify decisive molecular factors for the inhibitor versus substrate behavior of Nb4. As evaluated by our findings, such factors seems to be confined to the Asp-99 -Arg-111 salt bridge as the Nb4 D99A and Nb4 R111A mutants were cleaved instantly by uPA ( Fig. 5) . Accordingly, disruption of the salt bridge caused a 300-fold increase in dissociation rate toward the catalytically inactive uPA S195A variant as compared with wildtype uPA. In contrast, mutation of Tyr-113 to Ala only resulted in a modest 2-fold increase in dissociation rate (Table 4 ). This strongly suggests that the dissociation rate of the P1Ј-leaving group is the single most decisive factor, which determines the inhibitor versus substrate behavior of Nb4. In the Nb4 D99A and Nb4 R111A mutants, the interconnectivity between the Pand PЈ-site of the Arg-110 -Arg-111 or Arg-110 -Ala-111 scissile bond is significantly weakened, and the more flexible position of the P1Ј residue may allow a fast dissociation of the PЈ-leaving group resulting in entry of the catalytic water to complete the catalytic cycle. Oppositely, following cleavage of the Arg-110 -Arg-111 scissile bond in wild-type Nb4, the rigid position of the P1Ј Arg-111, secured by Asp-99, ensures a slow dissociation. Following this hypothesis, the slow dissociation of cleaved Nb4 may allow resynthesis of the Arg-110 -Arg-111 peptide bond, as the active site of uPA is inaccessible to the catalytic water. This hypothesis is in reasonable agreement with the observation of a cleavage-resynthesis equilibrium between cleaved and intact Nb4 and with the observation of an intact Arg-110 -Arg-111 peptide bond in a planar configuration in the crystal structure of Nb4 in complex with uPA.
A substrate-like binding mode is also observed in a group of naturally occurring serine protease inhibitors termed "standard mechanism" or "Laskowski" inhibitors (11, 12) . A number of publications have described the determinants of the proteolytic resistance of standard mechanism inhibitors. Early studies on chymotrypsin inhibitor 2 (CI2) and BPTI demonstrated that an intra-loop hydrogen interaction network within the proteasebinding loop of CI2 was important for its resistance to proteolysis, whereas BPTI was found to be resistant to proteolysis due to a disulfide bond stabilizing the conformation of the proteasebinding loop (25) (26) (27) . However, the resistance to proteolysis may also be dependent on the scaffold of the inhibitor, which supports and confers rigidity to the protease-binding loop as shown in amyloid precursor protein and CI2 (28, 29) . Similarly to CI2, our results demonstrate that the resistance to proteolysis of Nb4 depends heavily on the intra-loop interaction network within the CDR-H3.
The protease-binding loop of standard mechanism inhibitors exhibits a highly conserved main-chain conformation of the P3-P3Ј segment, as exemplified by CI2 and Eglin c (30) . However, BPTI deviates from the conserved pattern, as it does not form a main-chain conformation of an anti-parallel ␤-strand at the P3 position. Similarly, we found that Nb4 also deviates from the conserved P3-P3Ј pattern by not forming a main-chain conformation of an anti-parallel ␤-strand at the P3 position (Table 5 ). Moreover, we also observed a deviation at the P2Ј position, at which theand -angles of Arg-112 in Nb4 is altered between 30 -50°and 30 -60°, respectively, as compared with the P2Ј position in BPTI, CI2, and Eglin c ( Fig. 8 and Table 5 ). Interestingly, we observed a similar alteration at the P2Ј position in PAI-1 when compared with BPTI, CI2, and Eglin c, hence highlighting a small difference in the binding mode between Nb4 and the standard mechanism inhibitors. These observations further suggest that an altered main-chain conformation at the P2Ј position is required to bind in a substrate-like mode to the active site of uPA. Notably, the conformational change in the P3-P1 segment of Nb4 upon binding to Nb4 is larger than those observed in the standard mechanism inhibitors, suggesting that the CDR-H3 of free Nb4 is more flexible than the protease-binding loops of standard mechanism inhibitors.
Originally it was believed that standard mechanism inhibitors act as poor substrates with low k cat values by forming a tight and rigid interaction with their target protease thereby preventing the formation of the first tetrahedral transition state during catalysis (30 -32) . However, several studies have demonstrated that the catalysis is blocked after a rapid formation of the acylenzyme in which the tight protease-inhibitor interaction prevents dissociation of the newly formed leaving-group, thus favoring reformation of the P1-P1Ј peptide bond in the inhibitor by a nucleophilic attack of the P1Ј amino group on the carbonyl group of the acyl-enzyme (27, (33) (34) (35) . In contrast, we were unable to detect the acyl-enzyme in our studies, suggesting that either a fast reformation of the Arg-110 -Arg-111 peptide bond occurs or that a relatively low concentration of the acyl-enzyme intermediate was presented at the cleavage-resynthesis equilibrium (25, 34) . Nevertheless, the observations that the P1Ј Arg-111 in Nb4 is held in place by Asp-99 illustrates its potential in mediating a nucleophilic attack on the acyl-enzyme intermediate, which favors reformation of the Arg-110 -Arg-111 peptide bond over the deacylation of the acyl-enzyme intermediate.
Standard mechanism inhibitors display broad target specificity. Although much effort has been directed toward optimizing the protease-binding loops of standard mechanism inhibitors to engineer them with therapeutic applications (15, 17, 36) , our study demonstrates that high affinity antibody fragments, which specifically bind the active site of a serine protease in a substrate-like manner, can be selected by combinatorial techniques without affinity maturation or other ex vivo modifications. Disulfide-constrained peptides are another group of inhibitors derived by combinatorial phage-display techniques. The peptidic inhibitor mupain-1 and its derivative peptide 10 (pkalin-3) inhibit the activity of mouse uPA and human plasma kallikrein, respectively (7, 13) . The inhibitory mechanisms of both peptides were explained from crystal structure analysis that demonstrates small changes in bond distances around the P1 Arg residue, which places the catalytic Ser-195 3.9 Å away from the P1 carbonyl group for mupain-1 and 3.0 Å for pkalin-3 ( Fig. 10 ). However, an alternative mechanism cannot be ruled out that mupain-1 and pkalin-3 may inhibit their target protease in a manner similar to that of Nb4 by a cleavage resynthesis equilibrium mechanism involving reformation of the P1-P1Ј peptide bond, as the distance from the Ser-195 to the carbonyl group of Arg-110 in Nb4 is 2.8 Å. Thus, the results presented in this study may be considered as a general mechanism by which inhibitors with a substrate-like binding mode act as inhibitors and not substrates. Moreover, the development of a highly specific uPA inhibitor may be useful for non-invasive molecular imaging for detection of uPA activity in particular molecular events such as remodeling of the extracellular matrix in the progression of cancer (37) .
In conclusion, our study demonstrates that the conformational rigidity of the peptide segment that will be inserted into the active site of a protease is an important factor that determines whether the peptide segment behaves like an inhibitor or substrate. We have also presented the first crystal structure of a nanobody in complex with a serine protease and the first ever crystal structure of an antibody fragment that targets the active site of a serine protease in a substrate-like manner, thus demonstrating a new mechanism for inhibition of a protease by an antibody fragment. Taken together, our findings shed new light on the inhibitory mechanism of inhibitors with a substrate-like binding mode and provide the basis for designing potent and specific protease inhibitors by optimizing the intra-loop interaction network within the inhibitory peptide segment.
Experimental Procedures
Generation of Anti-uPA Nanobodies-The immunization and construction of the nanobody phage library were conducted as described previously using single-chain zymogen uPA as antigen (38) . Briefly, selection of anti-human uPA nanobodies was performed by immobilizing two-chain active uPA (ProSpec-Tany TechnoGene) (100 g/ml) in 96-well MaxiSorp immunoplates (Nunc). After adding the nanobody phage library, bound phages were eluted with triethylamine (100 mM) and neutralized with 1 M Tris, pH 8.2. Recovered phages were amplified in Escherichia coli TG1 cells. During three subsequent selection rounds, the stringency of plate washing was gradually increased. uPA-binding nanobodies were identified by a polyclonal phage ELISA by randomly picking single colonies. Positive clones were sequenced, and unique clones were transformed into E. coli WK6 (su Ϫ ) cells, produced and purified as described previously (39) . Alanine mutants of Nb4 were prepared by standard QuickChange site-directed mutagenesis and expressed in E. coli WK6 (su Ϫ ) cells. Generation of Alanine Mutants and the Catalytic Domain of uPA-Full-length human uPA and uPA site-directed mutants were cloned into the pCDNA 3.1 vector. cDNAs were transfected into HEK293 6E suspension cells and cultured in a humidified 5% CO 2 incubator at 37°C. The media used was Freestyle F17 (Gibco) containing 4 mM L-glutamine, 0.1% Pluronic F68 (Gibco), 1% penicillin/streptomycin (Invitrogen), 25 g/ml G418 (Geneticin, Thermo Fisher Scientific). Linear polyethyleneimine (2.2 mg) and cDNA (1.1 mg) were mixed in PBS for 15 min and added to 1 liter of cell cultures at a density of 1 ϫ 10 6 cells/ml. Tryptone N1 (0.5%) was added to the culture 24 h post-transfection. The cultures were continued for 6 days before harvesting the conditioned media. The catalytic domain of uPA was recombinant expressed in Pichia pastoris as described previously (40) .
Enzymatic Assays-All enzymatic assays were performed in HEPES-buffered saline (HBS: 10 mM HEPES, pH 7.4, 140 mM NaCl) with 0.1% bovine serum albumin (BSA), and the initial velocities were monitored at an absorbance of 405 nm for 1 h at 37°C in a kinetic microplate reader (Multiscan Go, Thermo Scientific).
For the plasminogen activation assay, various concentrations of Nb4 (120 to 0 nM) were preincubated with uPA (0.25 nM) for 15 min at 37°C. Next, the reaction was initiated by adding human plasminogen (100 nM), purified from plasma, and plasmin substrate H-D-Val-Leu-Lys-p-nitroanilide (0.5 mM) (S-2251, Chromogenix). To determine the velocity of plasminogen activation, the data were transformed to plot ⌬A 405 /⌬time on the ordinate and time on the abscissa (41) . Velocities were calculated from the time interval 5-20 min of these plots and used for calculation of IC 50 values.
For inhibition of uPA hydrolysis, PyroGlu-Gly-Arg-p-Na-HCl (CS-61(44), Hyphen Biomed), various concentration of wild-type Nb4 or Nb4 mutants were pre-incubated with wildtype uPA (2 nM) or with various uPA alanine mutants in conditioned media for 15 min at 37°C before adding CS-61(44) (47 M) to initiate the reaction. The apparent inhibitory constant K D app was calculated as described previously (42) , and K i values were determined by Equation 1.
K M values were determined by measuring initial velocities of hydrolysis of CS-61(44) (2-0 mM) by wild-type uPA (2 nM) or by various uPA alanine mutants in conditioned media. The K M values were calculated by fitting the data to standard Michaelis-Menten kinetics.
To evaluate the specificity of Nb4, we incubated Nb4 ( (44)), rat uPA (4 nM, 750 M CS-61(44)), rabbit uPA (4 nM, 750 M CS-61(44)), or human uPA (2 nM, 47 M CS-61(44)) for 15 min at 37°C before adding the chromogenic substrates at concentrations that equal half the experimentally determined K M value for each enzyme/substrate pair (data not shown). The chromogenic substrates S-2288 and S-2366 were purchased from Chromogenix, and the proteases were from Molecular Innovations, except for tissue-type plasminogen activator, which was purchased from Boehringer Ingelheim, and matriptase, hepsin, and mouse uPA, which were produced recombinant in HEK293 E6 cells. For measuring the activity of factor VIIa, 5 mM Ca 2 Cl was added to the buffer.
Crystallography-Crystals of the free form of Nb4 were grown by sitting drop vapor diffusion by adding 2 l of Nb4 (20 mg/ml) to 2 l of mother liquid (0.1 M MES, 0.2 M ammonium sulfate, 30% w/v PEG5000, pH 6.5). Crystals grew within 3 days and were cryoprotected in mother liquid supplemented with 5% ethylene glycol and vitrified in liquid nitrogen. A native data set to 2.16 Å resolution was collected at 100 K at a wavelength of 0.98 Å on the BESSY beamline at the Berlin Electron Storage Ring Society for Synchrotron Radiation, Berlin, Germany. The diffraction data were indexed, integrated, and scaled in space group P4 3 2 1 2 using the XDS program package (43) . The initial phases were obtained by molecular replacement with Phe-nixMR (44) with PDB code 4JVP as the search model (45) . Model building was performed in Coot (46) ; refinement and structure validation were performed using PHENIX (44) . Molecular graphics were prepared in PyMOL (47) . For each chain (A, B, C, or D), residues not having sufficient electron density were omitted from the model or modeled as alanine. In chain A, Ser-127 and Ala-128 in the C terminus were omitted. In chain B, Ser-127 was modeled as an Ala and Ala-128 was omitted. In chain C, Glu-107, Ser-108, and Gly-109 were omitted, and Arg-110 was modeled as an Ala. In chain D, Glu-107, Ser-108, and Gly-109 were omitted, and Arg-110 was modeled as an Ala; Ser-127 was modeled as an Ala; and Ala-128 was omitted.
Complexes were formed by incubating the catalytic domain of uPA with Nb4 at a molar ratio of 1:1.3 at 4°C for 1 h. The complexes were then purified by gel filtration chromatography using a Superdex 75 10/300 GL (GE Healthcare) using phosphate-buffered saline (PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , pH 7.4) as running buffer. Crystals were grown using hanging drop vapor diffusion by adding 1 l of uPA/Nb4 (3 mg/ml) to 1 l of mother liquor (1.4 M ammonium sulfate, 0.1 M MES, pH 6.25, 0.1 M disodium phosphate dibasic and 0.5% (v/v) Tween 20) at 16°C. Crystals were cryoprotected in mother liquor supplemented with 30% (v/v) glycerol and vitrified in liquid nitrogen. Crystals were tested and screened at 100 K using the Rigaku FREϩ x-ray source at the Centre for Protein Science and Crystallography, Chinese University of Hong Kong. The highest resolution data set at 1.97 Å was collected on the 13B1 beamline at the National Synchrotron Radiation Research Center (NSRRC), Taiwan. The diffraction data were indexed, integrated, and scaled in space group C121 using the HKL2000 program package (48) . The initial phases were obtained by molecular replacement with PHASER of the CCP4 program suite (49) with the structures of uPA (PDB code 4DVA) and Nb4 as the search model. Model building
